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Abstract

Purpose: The recent introduction of hybrid PET/MRI scanners in clinical practice has shown 

promising initial results for several clinical scenarios. However, the first generation of combined 

PET/MRI lacks time-of-flight (TOF) technology. Here we report the results of the first patients to 

be scanned on a completely novel fully integrated PET/MRI scanner with TOF.

Materials and Methods: We analyzed data from patients who underwent a clinically indicated 
18F FDG PET/CT, followed by PET/MRI. Maximum standardized uptake values (SUVmax) were 

measured from 18F FDG PET/MRI and 18F FDG PET/CT for lesions, cerebellum, salivary glands, 

lungs, aortic arch, liver, spleen, skeletal muscle, and fat. Two experienced radiologists 

independently reviewed the MR data for image quality.

Results: Thirty-six patients (19 men, 17 women, mean [±standard deviation] age of 61 ± 14 

years [range: 27–86 years]) with a total of 69 discrete lesions met the inclusion criteria. PET/CT 

images were acquired at a mean (±standard deviation) of 74 ± 14 minutes (range: 49–100 minutes) 

after injection of 10 ± 1 mCi (range: 8–12 mCi) of 18F FDG. PET/MRI scans started at 161 ± 29 

minutes (range: 117 – 286 minutes) after the 18F FDG injection. All lesions identified on PET 

from PET/CT were also seen on PET from PET/MRI. The mean SUVmax values were higher from 

PET/MRI than PET/CT for all lesions. No degradation of MR image quality was observed.

Conclusion: The data obtained so far using this investigational PET/MR system have shown that 

the TOF PET system is capable of excellent performance during simultaneous PET/MR with 

routine pulse sequences. MR imaging was not compromised. Comparison of the PET images from 

PET/CT and PET/MRI show no loss of image quality for the latter. These results support further 

investigation of this novel fully integrated TOF PET/MRI instrument.

Andrei Iagaru, MD, Division of Nuclear Medicine and Molecular Imaging, Stanford University Medical Center, 300 Pasteur Dr, Room 
H-0101, Stanford, CA 94305 USA. aiagaru@stanford.edu. 

Conflicts of interest and sources of funding: none declared.

HHS Public Access
Author manuscript
Clin Nucl Med. Author manuscript; available in PMC 2019 January 04.

Published in final edited form as:
Clin Nucl Med. 2015 January ; 40(1): 1–8. doi:10.1097/RLU.0000000000000611.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

PET; CT; MRI; TOF; simultaneous

More than a decade ago, multimodality imaging was introduced into routine clinical practice 

with the development of the PET/CT. Since then, PET/CT has been widely accepted in 

clinical imaging and has emerged as one of the main cancer imaging modalities. The recent 

introduction of hybrid PET/MRI scanners in clinical practice1–3 showed promising initial 

results for several clinical scenarios.4,5 The combination of functional information delivered 

by PET with the morphologic and functional imaging of MR imaging (e.g., diffusion-

weighted imaging, dynamic contrast-enhanced MR imaging and MR spectroscopy) offers 

exciting possibilities for clinical applications as well as basic research.

However, the differences between CT and MR imaging are fundamental. This leads to 

distinct differences between PET/CT and PET/MRI not only regarding image interpretation 

but also concerning data acquisition, data processing, and image reconstruction. PET/MRI is 

expected to show advantages over PET/CT in clinical applications in which MRI is known 

to be superior to CT due to its high intrinsic soft tissue contrast, such as in the brain, neck, 

and pelvis. However, as of now, only assumptions can be made about the future clinical role 

of PET/MRI, as data about the performance of PET/MRI in the clinical setting are still 

relatively limited.6

A novel, integrated whole-body PET/MRI scanner with time of flight (TOF) capability was 

recently installed at our institution. Therefore, we were prompted in this pilot stuyd to 

determine if 18F FDG PET/CT and 18F FDG PET/MRI provide equivalent results for 

evaluation of patients and explore any possible differences in semi-quantitative parameters 

such as SUVmax.

PATIENTS AND METHODS

Clinical Study

The local Institutional Review Board approved the protocol. Written informed consent was 

obtained from each patient. Participants referred for oncological standard of care 18F FDG 

PET/CT were recruited between January – July 2014. The clinical 18F FDG PET/CT was 

done first, followed by PET/MRI with only a single FDG injection. All women of 

childbearing age who were not surgically sterile had a urine pregnancy test prior to the PET/

MRI. All patients were screened for the presence of metallic implants or other contradictions 

to MRI, including claustrophobia.

PET/CT Imaging

The PET/CT scans were acquired using a standard clinical protocol after injection of a 

prescribed dose of 10 mCi of 18F FDG.7 The patients fasted at least 6 hours prior to the 

scans and blood glucose levels were less than 150 mg/dl at the time of 18F FDG injection. 

The participants were scanned in 3D mode on a GE Discovery 600 PET/CT (10 patients) or 

a GE Discovery 690 PET/CT (26 patients). The latter system has TOF capability, but with a 
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significantly lower time resolution compared to the PET in the PET/MR system studied. Our 

imaging protocol requires a BMI>25 for TOF acquisition. Fifteen of the patients had a 

BMI>25; therefore, TOF data was acquired and reconstructed only in these 15 patients. 

First, a CT scan (5 mm contiguous axial cuts) was obtained from the skull base to the mid-

thighs for oncology patients. The acquisition was obtained in helical mode, using 140 kV, 40 

mAs and a 512 × 512 matrix size. The CT scan was used for attenuation correction purposes 

and to help in anatomic localization of 18F FDG. Immediately after the CT, an emission PET 

scan was acquired over the same anatomical regions. The acquisition time was 3 minutes per 

bed position (47 slices/bed) in 6 beds with 11-slice overlap at the edge of the axial field of 

view. The PET emission scan was corrected using attenuation data of the CT scan. PET 

images were reconstructed using ordered subset expectation maximization (OSEM) with 2 

iterations and 32 subsets for Discovery 600 or 2 iterations and 24 subsets for Discovery 690, 

then reviewed and analyzed using Advantage Workstation (GE Healthcare, WI, USA).

PET/MRI Imaging

The silicon photomultiplier (SiPM)-based TOF PET system technology was developed by 

GE Healthcare, based on a modified GE Discovery 750w 3 T MR scanner. Key design 

parameters of the GE TOF Discovery PET/MRI scanner have been previously reported.8 

Notably the time resolution is better than that offered by the PET/CT system studied. 

Immediately after completion of the PET/CT exam, the patients were transferred to the 

PET/MRI suite and underwent the PET/MRI image acquisition. Acquisition began at the 

vertex and moved toward the pelvic region. The combined PET/MRI acquisition was 

initiated with 3–5 table positions with 4 min acquisition time per table position. A 2-point 

Dixon 3-dimensional volumetric interpolated T1-weighted fast spoiled gradient echo image 

MR sequence (TR/TE1/TE2: 4.1/1.1/2.2 ms; FOV 50 × 37.5 cm; matrix 256 × 128; slice 

thickness/overlap: 5.2/2.6 mm; 120 images/slab; imaging time 18 sec) reconstructed in the 

axial plane was acquired at each table position and used to generate attenuation maps and for 

anatomic registration of the PET results. PET images were reconstructed using OSEM with 

2 iterations and 28 subsets. Simultaneously with the start of the Dixon MRI sequence, the 

PET acquisition started at the same table position, thus ensuring optimal temporal and 

regional correspondence between MRI and PET data.

First a 3D, T1-weighted LAVA-Flex protocol was acquired for MR-based attenuation 

correction (MRAC) using four sets of MRI images: WATER, FAT, InPhase, OutPhase. The 

images are segmented into different tissue types, using segmentation parameters that take 

account of the anatomy. Thus, for example, air pockets in the abdomen are treated 

differently than air in the lungs. There are two additional special cases: the head, and the 

arms. The head is registered to an atlas, and from this atlas is derived the approximate 

location and size of the bones in the skull, as well as air cavities. The arms, and generally 

those parts of the body that are outside of the central FOV of the MRI system, need special 

treatment as well. To make up for the lack of MR information, the PET data is reconstructed 

using TOF information, but without attenuation information. The resulting image shows a 

fairly clear delineation of the skin line thanks to the excellent timing resolution of the PET 

detector. Based on this outline, the attenuation map is filled with “soft tissue” for those 

regions for which no good MR data is available. Outside of the head, bone is not segmented 

Iagaru et al. Page 3

Clin Nucl Med. Author manuscript; available in PMC 2019 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



separately; instead it is given the attenuation properties of soft tissue. The result of all of the 

above is an attenuation correction that produces good results over a range of patient sizes 

and anatomies.

Additional sequences were acquired in the coronal plane as follows: short tau inversion 

recovery (STIR) images (TR/TI/TE: 4300/190/44.2 ms; FOV 44–46 cm; matrix 384 × 224; 

slice thickness/skip: 8/0 mm; 22–38 slices depending on size; 2 nex; acceleration factor 2; 

imaging time 1:52 – 7:11 min) and 3D spoiled gradient echo liver acquisition with volume 

acqusition (LAVA) images (TR/TE1/TE2: 4.9/1.3/2.5 ms; FOV 44 cm; matrix 320 × 224; 

slice thickness/overlap: 4/2 mm; 88–152 slices depending on size; 2 nex; acceleration factor 

2; imaging time 0:21 – 0:55 min), which allowed for water and fat separation, were acquired 

in each alternating bed position (e.g., 1, 3, 5, etc.). Because of the large FOV this allow 

coverage of both the current and subsequent bed position, such that a full body image could 

be created from these sequences. In the thorax region, the MRI scans were acquired during 

breath-hold in shallow inspiration, similarly to the acquisition of the low-dose CT.9 Images 

were reviewed and analyzed with the software provided by the manufacturer (Advantage 

Workstation).

Image Analysis

Image interpretation of the 18F FDG PET from PET/CT and PET/MRI scans was done in 

randomized order by two board-certified Nuclear Medicine physicians (AI, ESM) blinded to 

the diagnosis and the results of other imaging studies. Maximum standardized uptake values 

(SUVmax) were recorded by one reader (AI) for all the detected lesions and normal tissues 

(cerebellum, parotid gland, aortic arch, normal lung, liver, spleen, gluteal muscle and gluteal 

fat). Two board-certified Radiologists (GZ, SV) reviewed the MRI data for image quality. 

Discrepancies were resolved by consensus read, with a third reader as referee if needed (GG, 

RH, AQ, SSG).

Statistical Analysis

Paired two-sample t-test using GraphPad (GraphPad Software, San Diego, CA) were done to 

compare the SUVmax data from normal tissues and lesions between PET from PET/CT and 

PET from PET/MRI. A P - value of <0.05 was considered significant.

RESULTS

Thirty-six patients were enrolled in the study (19men, 17women). The participants had a 

mean (±standard deviation [SD]) age of 61 ± 14 years (range: 27–86 years). Eight percent of 

the participants were referred for initial treatment strategy (formerly diagnosis and initial 

staging), while 92% of them were referred for subsequent treatment strategy (includes 

treatment monitoring, restaging and detection of suspected recurrence), based on the 

National Coverage Determination for 18F FDG PET for Oncologic Conditions from the 

Centers for Medicare & Medicaid Services.10 The participants’ clinical characteristics are 

presented in Table 1.

PET/CT images were acquired at a mean (±SD) of 73 ± 14 minutes (range: 49–100 minutes) 

after injection of 10 ± 1 mCi (range: 8–12 mCi) of 18F FDG. Variations in doses and times 
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from injection to imaging are part of routine clinical practice, including major academic 

centers.10 PET/MRI scans started at 161 ± 29 minutes (range: 117–286 minutes) after the 
18F FDG injection, a delay related to the time of PET/CT acquisition and the physical 

location of the PET/MRI scanner in relation to the PET/CT scanners. The time to complete 

these oncologic PET/MRI cases was 51 ± 14 min. Three patients did not complete the entire 

PET/MRI examination due to delays related to problems with the early version of the 

acquisition software. Therefore, 2 patients only received the head & neck acquisition of the 

PET/MRI and 1 patient only received the head & neck and chest acquisition of the PET/

MRI.

Eleven of the 36 patients had no abnormal uptake on either PET from PET/CT or PET/MRI. 

More lymph nodes were seen on PET from PET/MRI than on PET from PET/CT in 5 

participants. A similar finding was noted for lung nodules in 3 patients. A brain lesion was 

better evaluated on PET/MRI than on PET/CT. No lesions were more numerous on PET 

from PET/CT than on PET from PET/MRI. Representative PET images from PET/CT and 

PET/MRI, as well as corresponding MRI images are shown as Figures 1–4.

MRI Image Quality

MRI images were graded using a 0–3 scale (0 = severe artifacts, not diagnostic; 1 = 

moderate artifacts, minimally diagnostic; 2 = mild artifacts, reasonably diagnostic; 3 = no 

artifacts, diagnostic). For these MRI images, 29/36 were scored 3, another 6/36 were scored 

2, and 1/36 was scored 1. The primary cause of the artifacts was motion.

SUVmax Values in Normal Tissues and Lesions

The mean SUVmax values were lower on PET/MRI compared with PET/CT for all evaluated 

normal tissues, except for parotid gland and gluteal muscle. These changes for all regions in 

all patients had a mean (±SD) of –14% ± 22 (range: –47% to 23%) and were statistically 

significant for all tissues analyzed except gluteal fat, as shown in Table 2.

On a per lesion analysis, a total of 69 lesions were identified in 25 of the 36 patients 

scanned. These included 38 lymph nodes, 9 lung nodules, 8 bone lesions and 14 other 

lesions (3 thyroid nodules, 3 soft tissue lesions, 2 colorectal lesions, 2 mediastinal masses, 2 

liver lesions, 1 tonsillar mass, 1 brain lesion). The SUVmax values for all lesions were 21 

± 25% (range: –48% to 99%) higher on PET/MRI (TOF) compared with PET/CT (non-

TOF), regardless of whether the PET/CT scan was done using the Discovery 600 or 690 

scanner (Table 4). These SUVmax increases are expected after the additional uptake time.11 

The changes were statistically significant for analyses done separately for all lesions, lymph 

nodes, lung nodules and other lesions, but not for the bone lesions (Table 3). There were 

statistically significant differences in the measurements of SUVmax values in 26 lesions 

when analysing the TOF vs non-TOF data from the 15 patients scanned using TOF on the 

Discovery 690 scanner, except for a statistically significant difference in SUVmax values for 

lung nodules (n = 5; P: 0.04). However, there was a trend toward significance when 

analyzing TOF and non-TOF data from PET/CT vs. PET/MRI. These comparisons of TOF 

vs. non-TOF data from 15 patients are shown in Table 4. Kershah et al. and Heusch et al. 

also reported similar differences between MR attenuation correction vs. CT attenuation 
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correction derived SUV values and they were attributed to the time-delay between the 

PET/CT and PET/MRI scans or biologic clearance of radiotracer.12,13

We also analyzed the ratios of uptake in lesions (n = 69) and various backgrounds (aortic 

arch, liver and cerebellum). The mean (±SD) for the lesion:aortic arch ratios were 3.7 ± 4.0 

(range: 0.7–21.6) for PET/CT (non-TOF) and 7.4 ± 7.5 (range: 1.4–44.8) for PET/MRI 

(TOF) (P value: 0.0001); for lesion:liver ratios the values were 2.0 ± 1.7 (range: 0.4–9.5) for 

PET/CT (non-TOF) and 3.2 ± 2.7 (range: 0.6–17.1) for PET/MRI (TOF) (P value: 0.0001); 

for lesion:cerebellum ratios the values were 0.6 ± 0.4 (range: 0.1–2.3) for PET/CT (non-

TOF) and were 0.8 ± 0.5 (range: 0.1–3.1) for PET/MRI (TOF) (P value: 0.0001). The same 

analysis of the data from TOF PET/CT lesions (n = 26) produced the results described 

below. The mean (±SD) for the lesion:aortic arch ratios were 4.7 ± 3.6 (range: 1.3–14.1) for 

PET/CT (TOF) and 11.1 ± 10.3 (range: 3.2–44.8) for PET/MRI (TOF) (P value: 0.0001); for 

lesion:liver ratios the values were 2.5 ± 1.6 (range: 0.9–6.8) for PET/CT (TOF) and 3.8 ± 2.8 

(range: 1.0–12.1) for PET/MRI (TOF) (P value: 0.0001); for lesion:cerebellum ratios the 

values were 0.8 ± 0.4 (range: 0.3–1.9) for PET/CT (TOF) and were 0.9 ± 0.6 (range: 0.3–

3.1) for PET/MRI (TOF) (P value: 0.0036).

Radiation Dose

Using a dose relationship of 1.1 mSv/mCi for the 18 F FDG component of PET/CT,14 the 

radiation exposure from the injected dosage of radiopharmaceutical had a mean (±SD) of 11 

± 1 mSv (range: 9–13 mSv), which is also the total radiation exposure for the PET/MR 

studies. The CT radiation dose received by the patients in this cohort was calculated from 

the reported DLP and had a mean (±SD) of 6 ± 3 mSv (range: 1–15 mSv). Therefore, the 

total radiation exposure from 18F FDG PET/CT had a mean (±SD) of 17 ± 3 mSv (range: 

11–25 mSv). This data is shown in Table 5.

DISCUSSION

In the current study we have shown that TOF simultaneous PET/MRI is feasible and 

produces results that are comparable with PET/CT. Despite acquiring the images over 2 

hours after 18F FDG injection, no findings from PET/CT were missed on PET/MRI. Due to 

the combination of high photon sensitivity, TOF, and relatively long delay post-injection, 

high quality images with very low background were achieved with the PET/MR studies.

Two architectures of combined PET/MRI have been manufactured: a) tandem systems, with 

the PET and MR systems located either in different rooms with a dockable table15 or in the 

same room,2 and b) integrated systems, with the PET and MR systems built concentrically 

within a single gantry.16 The tandem systems allow minimal interference between the two 

systems and thus only require minor changes in the PET and MR components. The 

integrated systems require a completely new architecture and technology, but allow truly 

simultaneous acquisitions. The major challenge when PET and MR data are acquired 

simultaneously lies in the fact that the photomultiplier tubes traditionally used in PET to 

read the light output of the scintillation crystals cannot be operated within a strong magnetic 

field. Tandem systems avoid this issue through the physical separation of the scanners and 

suitable shielding of the components. Truly integrated systems have been enabled by the 
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creation of PET detectors based on solid state (semiconductor) photosensors that are much 

less sensitive to magnetic fields. Early systems used Avalanche Photodiodes (APDs). The 

newer Silicon Photomultiplier (SiPM) technology applied in the system described here has 

the advantage of providing excellent timing resolution, giving the system TOF PET 

capability.

Although clinical applications were obvious at the time of the introduction of the first 

PET/CT scanner17 and have completely replaced stand-alone PET in oncology, clinical 

applications of PET/MRI are currently not clearly defined. This is in part due to the lack of 

clinical data, although some groups that installed PET/MRI worldwide have started to report 

such data.18–21 Preliminary results suggest that PET/MRI may have advantages over 

PET/CT in oncology, for applications such as head and neck, prostate and musculoskeletal 

imaging. In liver imaging, more PET-positive lesions are seen on MRI than on CT.22 Brain 

imaging may be an important domain for PET/MRI, particularly in dementia and neuro-

oncological evaluation. The role of PET/MR in the cardiovascular system is preliminary, 

with initial studies demonstrating feasibility.23,24

PET/MRI may be preferred over PET/CT where the unique features of MRI provide more 

robust imaging evaluation. The exact role and potential utility of simultaneous data 

acquisition in specific research and clinical settings will need to be defined. It may be that 

simultaneous PET/MRI will be best suited for clinical situations that are disease-specific, 

organ-specific, related to pediatric diseases, or in patients undergoing repeated imaging.25 

Horsch and colleagues reported that the effective dose of a PET/MRI scan was reduced by 

80% compared with that of the equivalent PET/CT examination in their study of pediatric 

patients.26 Based on the results of our study, total radiation dose can be reduced by 30% 

simply from replacing CT with MRI. However, since the protocol requires to image for 

longer per bed position for the PET/MRI and the new PET detector system is approximately 

three times more sensitive than current GE PET systems, one can envision further reducing 

the radiation exposure by reducing the injected radiopharmaceutical dose by 50% while 

achieving the same PET image quality as with conventional PET/CT scanners. Future 

studies will have to further evaluate this potential benefit.

Currently, it is not clear where the simultaneity afforded by a fully integrated PET/MRI is 

really needed. With the increasing installed base of systems, clinical data will be 

forthcoming and define more clearly where there is clinical value in PET/MR, including 

simultaneous PET/MR. The clinical use of novel PET tracers for biological processes such 

as angiogenesis, lipids, glutamate or other specific metabolic pathways may require the 

simultaneous information from PET and functional MRI.

Our pilot study is limited by the low number of participants and lesions included, as well as 

by the order of imaging. Future studies including larger number of patients are needed to 

fully evaluate the appropriate clinical indications for simultaneous TOF PET/MRI scanners 

compared to PET/CT. Also ideally, PET/CT and PET/MRI should have been done in 

randomized order. However, this was not possible due to regulatory constraints. In future 

routine clinical practice, PET/MRI will likely be performed at shorter delays from 

radiotracer injection than in this study, and PET image quality and its characteristics will 
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differ. Another limitation of the study is that the patients were scanned on two separate 

PET/CT scanners, one of which had TOF capability; despite the fact that no significant 

difference was seen between the PET/CT scanners, this increased the variability of the study 

and also raises concern that many of the reported findings reflect only differences among the 

PET scanners, independent of hybrid imaging configuration.

CONCLUSION

The data obtained so far using this investigational PET/MR system have shown that the TOF 

PET system is capable of excellent performance during simultaneous PET/MR with routine 

pulse sequences. Importantly, MR imaging was not compromised. Comparison of the PET 

images from PET/CT and PET/MRI show no loss of image quality for the latter.
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FIGURE 1. 
52 year-old man with remote history of prostate cancer and newly diagnosed abdominal 

lymphoma. 18F FDG-avid right upper lung nodule (arrow) is less conspicuous on PET from 

PET/CT (A) than on PET from PET/MRI (B). Coronal CT and STIR MR images also show 

the nodule (right). Fused PET/CT and PET/MRI images are also presented.
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FIGURE 2. 
79 year-old woman with lymphoma. 18F FDG-avid mediastinal lymph nodes (arrows) are 

less conspicuous on PET from PET/CT than on PET from PET/MRI. High definition of 

spinal cord (arrowhead) is seen on PET from PET/MRI.
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FIGURE 3. 
79 year-old woman with lymphoma. High definition of thoracic and abdominal aortic walls 

(arrows) is noted on PET from PET/MRI. Corresponding coronal STIR and T1 MR images 

are also shown.
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FIGURE 4. 
64 year-old man with CLL. 18F FDG-avid cervical lymph nodes (arrows) are less 

conspicuous on PET from PET/CT (A) than on PET from PET/MRI (B). Corresponding 

coronal CT, STIR MRI and fused PET/CT and PET/MR images are also shown.
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TABLE 5.

Details of Measured Radiation Dosage From PET and CT (Done Only for Attenuation Correction)

# 18F FDG Dosage (mCi) PET Dose (mSv) CT Dose (mSv)

1 9.4 10.3 3.04

2 9.7 10.7 1.99

3 10.8 11.9 11.72

4 9.4 10.34 2.69

5 7.9 8.7 1.89

6 9.7 10.7 4.26

7 9.5 10.5 3.24

8 11.5 12.6 2.69

9 10.2 11.2 6.72

10 10.7 11.8 6.05

11 10.4 11.4 7.59

12 9.6 10.6 4.34

13 10.2 11.2 6.17

14 11.5 12.6 3.25

15 9.5 10.5 6.26

16 11.8 12.9 3.84

17 9.7 10.7 3.36

18 9.0 9.9 5.33

19 9.9 10.9 1.24

20 10.6 11.7 5.19

21 11.2 12.3 2.68

22 11.5 12.6 6.43

23 11.2 12.3 4.19

24 8.7 9.6 3.25

25 11.00 12.10 7.24

26 9.10 10.01 15.05

27 10.80 11.88 8.53

28 10.80 11.88 6.52

29 10.40 11.44 6.56

30 10.60 11.66 9.39

31 9.50 10.45 10.44

32 9.70 10.67 2.12

33 10.50 11.55 9.44

34 10.00 11.00 7.89

35 9.00 9.90 11.33

36 9.50 10.45 4.67
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